Abstract-Non-orthogonal multiple-access (NOMA) with perfect successive interference cancellation is an emerging research topic in the future wireless communication systems. In this work, NOMA is applied to dual-hop relaying systems, where the signals are transmitted with the aid of either decode-andforward (DF) or amplify-and-forward (AF) relay. Exact expressions for outage probability and ergodic capacity are derived over independent Rayleigh fading channels, and a tight upper bound for the outage probability of AF scheme is provided. Based on the analysis, we study forwarding strategy selection for both fixed and optimized power allocation. The presented simulations verify the accuracy of the analysis, and the efficiency of the proposed forwarding strategy.
Forwarding Strategy Selection in Dual-Hop NOMA Relaying Systems
I. INTRODUCTION
A S A PROMISING candidate for the multiple access scheme in the fifth generation (5G) mobile communication system, non-orthogonal multiple access (NOMA) is proposed to enhance the spectrum efficiency. Sharing the same time, frequency and code resources, the multiuser signals in NOMA system are divided in power domain and therefore distinguished through successive interference cancellation (SIC) at the receiver node [1] - [3] . Recently, relay-assisted cooperative NOMA system has had a lot of attention, due to the significantly increased transmit reliability, robustness, and capacity.
As the key technique that decides the performance of the relaying system directly [4] , forwarding protocols in cooperative NOMA were discussed in [5] - [10] . In [5] , the devices of strong users, i.e., users with better channel conditions, were used as decode-and-forward (DF) relays, to improve the performance of weak users. In [6] , NOMA was applied to the coordinated direct and DF relay transmissions, for the sake of increasing the spectral efficiency. The amplify-andforward (AF) NOMA relaying network in [7] was investigated to obtain the performance bounds over Nakagami-m fading channels. Moreover, the suboptimal power allocation schemes for DF-NOMA was investigated in [8] , while [9] studied the relay selection from multiple relays for DF-NOMA, the relay selection for both DF-and AF-NOMA with multiple relays were further studied in [10] . Unlike [9] which studied how to select a relay from multiple relays in AF and DF-NOMA relaying, respectively, we focus on studying the adaptive relay forwarding strategy selection for hybrid AF and DF-NOMA relaying as there are performance and complexity tradeoffs between AF and DF protocols in NOMA relaying. The closed-form expressions for the outage probability and ergodic capacity for DF-and AF-outage probability in AF-NOMA strategy is obtained. Furthermore, depending on the use of fixed and optimized user power allocation, we study the adaptive relay forwarding strategy according to different performance metrics.
II. SYSTEM MODEL Consider a downlink dual-hop NOMA cooperative relaying communication system, which consists of a base station (BS), two users (U 1 , U 2 ), one relay (R) and each with single antenna.The BS sends the superposed signal x s to U 1 and U 2 with the aid of a relay. Without loss of generality, the direct links between the BS and users are neglected because of the poor channel conditions. We assume U 1 is the sensing user and U 2 is the downloading user [11] instead of ordering them according to their channel conditions as [12] . Hence, U 1 enjoys the transmission priority over U 2 because it requires time-sensitive services. Note that, it can be extended to multiple users in the future work.
We assume that signals from node to node experience independent and identically distributed (i.i.d.) Rayleigh fading, h xy ∼ CN (0, σ 2 xy ), and the additive white Gaussian noise (AWGN), with zero mean and variance N 0 , is denoted as n xy . Further, with half-duplex mode considered, we elaborate DF-and AF-NOMA as follows.
A. DF-NOMA
In the first time slot, the BS transmits the superposed signal,
to the relay R, where P s is the transmitting power of the BS, a i is the power allocation coefficient of U i , with the constraint a 1 + a 2 = 1 and a 1 > a 2 because of the service priority of U 1 over U 2 , and x i is the transmit signal for U i with E(| x i | 2 ) = 1, i ∈ {1, 2}. At the relay, x 1 is decoded firstly, by treating x 2 as interference, and the received signal to interference and noise ratio (SINR), before and after perfect SIC, are
respectively. In the second time slot, R regenerates the composite signal as x r = √ a 3 P r x 1 + √ a 4 P r x 2 , and the redistributed power factor still satisfy a 3 > a 4 and a 3 + a 4 = 1.
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Here P r is the transmitting power of the relay. By treating x 2 as the interference, the SINR for U 1 is
For U 2 , the SINR before and after SIC are
B. AF-NOMA Similar as that in DF-NOMA, in the first time slot of an AF-NOMA system, BS transmits the superposed signal x S and R receives y S R = x s h S R + n S R . In the second time slot, however, the AF relay transmits the amplified signal x AF r = Gy S R with the amplify gain G =
and for U 2 , the SINR after SIC is
III. PERFORMANCE ANALYSIS In this section, outage probability and ergodic capacity are evaluated. Without loss of generality, we assume P s = P r = P and define ρ
A. Outage Probability
Assume the outage event occurs when the achieved rate is smaller than the minimum rate which indicates the acceptable performance, and define ϕ i = 2 2R i − 1, where R i represents the predetermined target rate of U i .
1) DF-NOMA: Since x 1 is decoded firstly, x 1 would influence the outage condition for x 2 , no matter at R or the destination node U 2 . The outage probability for U 1 can therefore be obtained as
As for U 2 , the outage probability is P 2
, where R 2 o and U 2 o are the outage events of x 2 happening at R and U 2 respectively, then a more exact expression of the outage probability for U 2 can be written as
otherwise.
2) AF-NOMA: Different from DF-NOMA, outage events in AF-NOMA would only happen at the destination node in the second time slot. The outage probability of U 1 and U 2 can therefore be expressed in a unified form as
where [14] , where K 1 (.) is the second kind of modified Bessel functions, a closed-form expression is obtained as
Further, we express J in (8) as ρxy 1+ρx+ρy , which can be approximated as xy x+y for high SNR ρ. However, to obtain a tighter bound, instead of using the inequality 1 2 min(x, y) < xy x+y < min(x, y) in [7] and [13] to give the lower and upper bound for ρxy 1+ρx+ρy , we utilize the approximation function
to get the bound not only in high but also in low SNR region, where f and g are constant real numbers for minimizing the gap between F(x, y) and min( f x, gx), and are chosen as
where ( f * , g * ) represents the optimal parameter pair. The searching of ( f * , g * ) is illustrated in Algorithm 1. Therefore, the corresponding upper bound can be derived as
(12)
When both f * i and g * i approach 1, the expression share the same formula as the lower bound, that is P i
B. Ergodic Capacity
Instead of the given target rate as aforementioned, the target rate is determined by the instantaneous channel state information here in this subsection.
1) DF-NOMA:
It's well known that for the multi(dual)-hop DF relaying channel, the achievable rate is determined by the weaker link [4] , i.e.,
Further, the ergodic capacity of
dz i , then the more specific expressions can be expressed as follows,
where (a) in (14) follows from the fact that ∞ 0 e −μx x+1 dx = −e μ Ei(−μ) [14] , E i (·) is the exponential integral function.
2) AF-NOMA: In AF-NOMA, the ergodic capacity is a multi-dimension function because of the characteristic of amplification. Thus, we take the piecewise function to reduce the computational complexity, considering the ordered channel and using a similar calculation of that in (9), C AF 2 is obtained as in (17), as shown at the top of this page. Thus, ergodic sum capacity of DF-NOMA and AF-NOMA are given by
respectively.
IV. RELAY FORWARDING STRATEGY SELECTION

A. Forwarding Strategy Selection With Fixed User Power Allocation
In the case of the fixed user power allocation, we study forwarding strategy selection between DF-and AF-NOMA based on the outage probability and ergodic capacity criteria.
1) Outage Probability-Based Criterion: By comparing (6) with (12) , the outage probability of sensing user U 1 on different user power allocations is studied as follows,
where
and (b) follows the monotonicity of exponential functions. With some algebraic manipulations, we can get the following decision:
), P 1 DFO ≤ P 1 AFO , DF-is preferred, otherwise the AF-NOMA is chosen. f 1 and g 1 denote the optimal pair f * 1 , g * 1 in the upper bound and share the same value with 1 for the lower bound. The analysis of U 2 is similar with that of U 1 .
2) Ergodic Capacity-Based Criterion: To facilitate the forwarding strategy selection, the capacity difference between DF-and AF-NOMA is introduced as
Based on the difference, the selection is designed to achieve a larger capacity: if C > 0, DF-NOMA performs better and AF-NOMA is preferred when C < 0.
B. Forwarding Strategy Selection With Optimized User Power Allocation
In this case, we first consider the ergodic sum capacity improvement with outage probability constraint, for both DF-and AF-NOMA, by optimizing the corresponding power allocations, which can be formulated as
where ε outi is the predefined requirement of the outage probability. Since the user power allocation are subjected to the constraints of both C0 and C1, the complexity for the search is greatly reduced. Moreover, the selection can be made according to the difference between the optimized capacity of DF-and AF-NOMA, to obtain a larger sum capacity. In either case of the aforementioned forwarding strategy selection, AF-NOMA is preferred to simplify the relaying process if the performance gap between DF-and AF-NOMA is very small. Though the adaptive relaying schemes introduce more computing cost to gain better performance, which still can be accepted.
V. NUMERICAL AND SIMULATION RESULTS
Path loss fading is considered here, i.e., σ 2 xy = d −v xy , where d xy is the distance between the node x and y, and v denotes the path loss exponent equaling 4. For simplicity, we normalize the distance between the BS and i th user node as d S R +d RU i = 1, i ∈ {1, 2}, and assume d RU 1 = d RU 2 . Then we set the target rates R 1 = 0.5 and R 2 = 1.
The curves of outage probabilities versus d S R are presented in Fig. 1(a) , the analytical results can match the simulations very well. Obviously, compared with the downloading user U 2 , the sensing user U 1 possesses lower outage probability. Meanwhile, the proposed upper bound for AF is tighter than that in [7] . Further, we set different power allocation pairs in three cases: 1) a 1 = 0.8, a 3 = 0.9; 2) a 1 = 0.8, a 3 = 0.7; 3) a 1 = 0.8, a 3 = 0.8 for the selection scheme A. In case 1), DF is more appropriate for U 1 , while U 2 prefers AF. However, the choice of case 2) is different. When it comes to the third case, both users prefer DF. It coincides with the analysis in (19) and leads to choose a proper forwarding strategy which can yield lower outage probability. In addition, with the increase of d S R , the difference of outage probability between DF and AF becomes smaller. Presenting the curves of the ergodic capacity versus d S R for different SNR, Fig. 1(b) provides the guideline for relay forwarding strategy selection, to get greater capacity. For given power allocation, the comparison of AF and DF is not affected by the SNR. Moreover, (20) can be applied to choose an appropriate strategy. That is, the first two cases prefer different forward strategies in the anterior and posterior segments. When both a 1 and a 3 value 0.8, DF always performs better than AF. Nevertheless, in the region that the two strategies perform similarly, we can choose AF to simplify the relay processing.
The performances shown in Fig. 1 are analysed separately. According to the cases simulated above, the lower outage probability and larger ergodic sum capacity can not be achieved simultaneously. Thus, the scheme B with optimized power allocation is given in Fig. 2 , with different SNR and outage probability constraints. Moreover, to keep the fairness of optimizing power allocation factors, we set a 1 = a 3 . Based on that parameter settings, DF outperforms AF after optimizing. Nevertheless, AF is still preferred with a slight performance gain.
VI. CONCLUSIONS We study and compare the performance of dual-hop relaying system adopting DF and AF forwarding strategy. The closedform expressions for outage probability and ergodic capacity are derived, based on which, a tighter upper bound for outage probability in AF-NOMA is presented. Furthermore, based on the performance analysis, we study forwarding strategy selection between DF-and AF-NOMA under fixed and optimized user power allocation to obtain better performance in the context of various system metrics.
